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Under moderate supersaturation conditions, crystal growth on the barite (0 0 1) surface takes place by the develop­
ment of two-dimensional nucleation simultaneously with the advancement of molecular-height cleavage steps on the 
surface. The most frequent growth steps have a height of a half-unit cell, as has been predicted by periodic bond chain 
(PBC) theory, and they are parallel to the <1 20) PBC directions. Along opposite directions the velocity of <1 2 0) 
growth steps is strongly anisotropic. Moreover, the directions of fast growth alternate for successive elementary growth 
layers. The anisotropy of the growth rates can be explained by taking into account the crystallographic features and 
orientation of the complete PBC within each (0 0 2) elementary growth slice. On the other hand, the alternation of the fast 
growth direction for <1 20) steps in successive d002 growth layers is related to the existence of a 21 screw axis 
perpendicular to the (001) surface. Two-dimensional nucleation on the barite (001) surface is characterized by the 
development of islands with a circular sector shape and half-unit cell in height. The two-dimensional islands nucleated on 
the initial surface show the same orientation. As growth proceeds, islands coalesce and a homogeneous layer with 
a thickness of 3.5 A is formed. Nucleation on this new surface produces islands oriented in the opposite sense to those in 
the previous layer. Goniometric measurements and X-ray diffraction experiments confirm that the straight edges of the 
islands are parallel to the [12 OJ and [1 :2 OJ crystallographically equivalent directions. The third side of each island is 
curved, rough and tangent to [0 1 0]. Both the morphology and development of two-dimensional nuclei on the barite 
(001) face clearly indicate that the growth process is structurally controlled. The asymmetry of [12 OJ, [1:2 OJ and 
[0 1 OJ PBCs and their crystallographic features can be considered as responsible for the geometry and spread of the 
circular sector islands formed on each elementary (0 0 2) growth layer. 
1. Introduction 
In recent years atomic force microscopy (AFM) 
has been demonstrated to be an excellent technique 
for testing classical crystal growth models [1,2]. In 
situ AFM crystallization experiments in a fluid cell, 
under controlled conditions of temperature and 
supersaturation, allow the observation of growing 
crystalline surfaces at a molecular level. These de­
tailed observations frequently indicate the existence 
of an interrelation between surface structure and 
external conditions, such as the degree of super­
saturation or fluid composition during the crystal 
growth process [ 3]. While external conditions and 
specific surface energies essentially control both 
nucleation kinetics and growth mechanisms, the 
surface structure of each {h k I} growing face dir­
ectly influences the specific micro topographic fea­
tures (i.e. orientation and height of growth steps. 
two-dimensional (2D) nuclei shapes and their de­
velopment. etc.). 
In order to evaluate the structural control on 
crystal microtopography during growth. previous 
knowledge of the possible elementary growth layers 
and their crystallographic characteristics is re­
quired. It is well known that certain substances 
exhibit surface reconstruction or relaxation 
processes which can modify the growing layer 
structure. For the barite (0 0 1) face. however. the 
difference between relaxed and unrelaxed surface 
energies is quite small [ 4J and it can be assumed 
that relaxation is not important. Therefore, the 
atomic surface structure for the barite (0 0 1) face 
can be successfully derived from the bulk structure. 
For this purpose. PBC theory has been demon­
strated to be a very useful tool [ 5]. On the basis of 
the distribution and strength of bonds within crys­
tal structures the PBC method leads to the deter­
mination of the elementary growth layers for 
a given face [ 6.7], On the other hand. the applica­
tion of PBC analysis to actual crystal structures 
allows the prediction of possible growth steps 
and provides information about their relative 
stability [ 8]. 
In this paper we report AFM in situ observations 
of barite growth. Under the supersaturation condi­
tions employed. the development of 2D nucleation 
and step advancement on the barite (001) surface 
occur simultaneously. According to Hartman and 
Heijnen [ 7J the elementary growth layers of the 
barite (001) face consist of uni':,luely defined F sli­
ces with thickness -!;do 0 1 (3. 5 A). Growth on the 
barite (0 01) face must occur. therefore. by half-unit 
cell slices alternating in space and time. Here, we 
present an experimental confirmation of the exist­
ence of such (00 2) slices during barite growth. 
Moreover. both the growth behaviour of mono­
molecular steps and the 2D morphology of the 
nuclei are interpreted in terms of the crystallo-
graphic features of the steps contained in the (0 0 2) 
elementary slice. as derived by PBC theory. 
2. Experimental procedure 
Barite crystal growth experiments have been car­
ried out at 2 5cC in situ in a fluid cell of a Digital 
Instruments Multimode AFM. working in contact 
mode. The barite samples were optically clear 
single crystals freshly cleaved on (0 01). In order to 
be able to follow the complete growth process and 
to avoid excessive nucleation, all experiments were 
conducted using static solutions. BaS04 aqueous 
solutions were prepared by mixing NaZS04 and 
BaClz or Ba(N03)4 solutions ( SIGMA 99 + %). 
The concentrations of the BaS04 solutions em­
ployed ranged from 60 to 10 5 �M. Supersatura­
tions were calculated by using the program SEA 
[ 9]. This program calculates the activities for the 
relevant chemical species present in the solution 
(Ba2+. SO�-. NaSO'. HSO'. OH -. H+. BaOH+. 
BaSOg and NaOHo) by employing the Debye­
Huckel method. Once the activities of these species 
are known the supersaturation with respect to bari­
te is obtained from the following expression 
(1) 
where a(Baz+) and a(SO�-) are the activities of the 
free ions in the solution and Ksp is 10 -9.96 at 2 5°C. 
The orientation of the barite crystals was deter­
mined by X-ray diffraction in a Philips PW-I0 50 
diffractometer using monochromated Cu Ko: radi­
ation data. 
3. AFM observations 
The supersaturations calculated using the Eq. (1) 
for the BaS04 solutions employed in this work 
ranged from f3 � 26.7 and 75.5  (corresponding to 
the concentrations 60 and 10 5 �M BaS04. respec­
tively). For sparingly soluble substances. such is the 
case of barite. highly supersaturated solutions with­
out inducing nucleation can be formed. The cal­
culated f3 values can be considered, therefore, as 
moderate supersaturations. 
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repeating periods of 14.07 and 8.88 A. respectively. 
A similar sequence can be also found running par­
allel to the [11 OJ direction. with an identity period 
of 10.43 A. Finally. the bond sequence for the PBCs 
parallel to the [0 1 OJ direction is q-q or r-r. with 
a translational period of 5.45 A. Although the 
PBCs within (00 2) slice layers are built up from 
a similar sequence of bonds with about the same 
bond energy. they differ in geometry and hence in 
the atomic configuration of the incorporation sites 
(i.e. kink sites) along them. There is experimental 
evidence to support the idea that. when the growth 
proceeds by monomolecular steps, the kink struc­
ture plays an important role [14]. Differences in 
kink concentration or kink integration energies will 
strongly determine the kinetics of step growth. 
Step advancement during barite (001) face 
growth occurs perpendicularly to the PBCs which 
run parallel to the steps. Due to this fact. differences 
in the bonding geometry of kink sites at both sides 
of complete PBCs will determine differences in 
the ionic polarization, dehydration energies and, 
therefore, in the motion of steps advancing along 
opposite senses. Inspection of the PBCs contained 
within each elementary (00 2) growth layer shows 
that. except for the [1 0 OJ PBC. which is parallel to 
a mirror plane. all the PBCs within this slice are 
asymmetric. As a result, kink sites are not equiva­
lent at both sides of steps parallel to those PBCs 
and an anisotropic motion for most of the mono­
molecular steps on barite (00 2) growth layer can 
be expected. This is in agreement with the displace­
ment observed for the (I 20) steps. which exhibit 
a measurable motion along one sense while along 
the opposite one the growth is negligible. Only for 
the [1 OOJ steps. whose kink sites at both sides of 
the corresponding PBC are related by symmetry. 
an isotropic spreading rate for the opposite [0 1 OJ 
and [0 I OJ directions can be expected. although 
this has not been observed because [1 OOJ steps 
rarely occur on freshly cleaved (001) surfaces. 
The shape. orientation and development of the 
2D nuclei can also be related to the PBCs on the 
(001) barite surface. Circular sector islands of 
thickness 3. 5 A contain four PBCs: [0 1 OJ. [1 OOJ. 
[1 2 OJ and [1 20]. Among these PBCs. [1 2 OJ. 
[1 2 OJ and [0 1 OJ basically define the island shape: 
straight edges of surface nuclei are parallel to the 
symmetrically equivalent [1 20J and [1 2 OJ PBC 
vectors, while the curved and microscopically 
rough third side is tangent to the direction [0 1 0]. 
The fourth non-equivalent PBC parallel to [1 OOJ 
PBC lies between these two directions ( see Fig. 2a 
and Fig. 2b). 
The morphological inequivalence of the island 
boundaries indicates differences between the 
growth behaviour of the steps. Inspection of the 
structure projection shown in Fig. 2a and Fig. 2b 
reveals that PBCs parallel to the (I 20) steps are 
made up of a straight sequence of bonds and a rela­
tively low number of kink sites along them are 
displayed. As a result. island edges parallel to 
(I 20) directions will be straight and well defined. 
Conversely. [0 1 OJ PBCs. are formed by undula­
ting chains of Ba-SO. bonds with a high kink site 
density. Therefore. [0 1 OJ steps are structurally 
rough, the incorporation of growth units along 
them is favoured and an irregular spread can be 
expected. 
Finally, it seems clear that once an island nu­
cleates on a barite (0 01) surface its further growth 
is strongly controlled by the asymmetry of the 
[1 2 OJ. [1 2 OJ and [0 1 OJ PBCs. As we mentioned 
previously. for growth steps parallel to asymmetric 
PBCs. which displays different kink site bond ge­
ometry at both sides (see Fig. 4a). an anisotropic 
advancement can be expected. In the case of steps 
on barite (0 0 2) elementary growth layers. this an­
isotropy is extreme ( i.e. the step advancement per­
pendicularly to their corresponding PBC direction 
is only measurable along one of the two senses) and 
a limited number of growth directions are possible. 
Due to this fact. the spread of the initial 2D nuclei is 
constrained to the directions lying between [1 20J 
and [1 20]. These directions. and the intermediate 
direction [1 OOJ. represent fast growth directions 
corresponding to PBCs based on analogous bond 
sequences. Both the attachment of growth units 
along them and the lateral migration of the steps at 
the crystallization front. which is favoured by the 
high number of kink sites displayed along the 
[0 1 OJ PBC. can be considered responsible for the 
development of the characteristic rounded side of 
the 2D islands. On the other hand. the similar 
growth velocities observed for [1 20J. [1 20J 
and [1 0 OJ directions explain why the islands 
retain their circular sector shape during the growth 
process. 
The explanation given above for both the motion 
of the growth steps and the development of barite 
islands is valid for successive growth layers if we 
consider that (00 2) elementary growth slices are 
related by a 21 screw axis. This symmetrical con­
straint implies a change in the orientation of the 
PBCs of one slice with respect to the next one and, 
therefore, it leads to the rotation of kink sites. As 
a result, an alternation, during growth, of the fast 
advancement directions for (I 20) cleavage steps 
occurs. For the case of the 2D nucleation the alter­
nation of incorporation kink sites during growth 
will be reflected in the alternate orientation of bar i­
te islands on successive growth layers. 
5. Conclusions 
The in situ AFM observations of the barite 
(001) face during growth reveal that, under moder­
ate supersaturation conditions, advancement of 
(I 20) steps and the development of circular sec­
tor-shaped 2D nuclei occur simultaneously. The 
growth steps, as well as the 2D nuclei, have a half­
unit cell height ( 3. 5  A), which is the thickness of the 
elementary growth layer predicted by PBC theory. 
Both the anisotropy of the displacement of (I 20) 
growth steps and the morphology of the 2D islands 
indicate a clear crystallographic control of the 
overall growth process. On the one hand, the be­
haviour of the (I 20) growth steps can be justified 
taking into account the different bonding geometry 
of kink sites at both sides of the (I 20) PBCs, 
which will determine differences in the ionic polar­
ization, dehydration energies and, therefore, in the 
motion of steps advancing along opposite orienta­
tions. On the other, and the asymmetry of the 
[1 2 OJ, [1 2 OJ and [0 1 OJ PBCs and differences in 
the kink site density, can be considered as directly 
responsible for the characteristic morphology and 
development of the circular sector islands. Finally, 
both the alternation of fast growth directions of the 
(I 20) steps and the opposite orientation of the 
2D islands in successive growth layers can be inter­
preted as a consequence of the existence of a 21 
screw axis parallel to c. 
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